ABSTRACT In this paper, a folded reflectarray antenna (FRA) is developed using a crossed-dipole based reflector. By using the Pancharatnam-Berry phase theory, it is theoretically demonstrated that the crosseddipole based reflector is capable of providing both 90 • polarization conversion and the phase compensation for linearly polarized incident waves. Due to the negligible mutual interaction between the two orthogonally crossed dipoles, the reflection phases for the incident waves with polarizations along the two dipoles can be controlled independently, making the phase compensation and the polarization conversion convenient at the same time. To validate the FRA design, both simulations and experiments were conducted and good agreements are obtained. An FRA with a peak gain of 27.34 dBi and a 3-dB gain bandwidth of 13.2% is achieved.
I. INTRODUCTION
Polarization is one of the most important properties of electromagnetic (EM) waves and polarization rotating devices can find many applications in antennas and microwave and optical devices. Conventional methods to control the polarization are based on Brewster effects or the birefringence, optical gratings [1] , dichroic crystals [2] , etc. However, these methods normally result in narrowband operations and bulky configurations. On the other hand, metamaterials (MMs), which exhibit exotic EM properties not found in nature, have attracted significant interest in the development of polarization rotators (PR) [3] - [7] , resulting in numerous PR reflective metasurfaces with much reduced thicknesses and wide bandwidths.
One of the important applications of the planar PR reflectors is to construct folded reflectarray antennas (FRAs), which have advantages of no blockage effect and low profile, compared with normal reflectarray antennas. They are able to provide the effective integration with other planar circuits. Since the folded reflectarray antenna was first developed [8] , lots of elaborate FRAs with various features have been proposed [9] - [14] . However, despite the above FRAs have achieved good performance, their main reflectors also suffer from the increasing design complexity, because the main reflectors of FRAs should provide the 90 • polarization conversion and the continuous phase compensation simultaneously for incident waves. The strong mutual interaction normally exists among fields with different polarizations on most reflectarray elements, increasing the difficulty to obtain the two functionalities at the same time.
In this paper, we first theoretically demonstrate, based on the Pancharatnam-Berry phase theory, that a crossed-dipole based reflector is able to give a convenient way to design FRAs, namely, providing the 90 • polarization conversion and the continuous phase compensation without difficulty. Then a crossed-dipole reflector is proposed and characterized for the development of wideband high-gain FRAs, and finally a FRA is developed using the proposed reflector. Due to the minor mutual coupling between the two orthogonally crossed dipoles, the 90 • polarization conversion and the continuous phase compensation are able to be easily obtained at the same time. The proposed crossed-dipole reflector has advantages of simple structure and ease of controlling the polarization conversion as well as the reflection phase, reducing the design complexity of FRAs. As a result, the FRAs are able to be designed using the similar way of designing normal planar reflectarray antennas and give advantages mentioned above.
II. POLARIZATION CONVERSION AND PHASE COMPENSATION BASED ON PANCHARATNAM-BERRY PHASE THEORY
It is well known that different from normal planar reflectarray antennas, each unit element on the planar reflector of a folded reflectarray antenna has two functionalities: twisting the linear polarization by 90 • and providing the phase compensation for the incident waves. In some previous reflectarray [15] , [16] and transmitarray [17] designs, the unit elements are able to provide two orthogonally-polarized components of incoming waves with different compensation phases so that the polarization of the incoming waves can be changed, such as the linear-to-circular polarization conversion [15] , [17] . These are actually the applications of the geometrical space-domain Pancharatnam-Berry phase [18] . In this section, a crossed-dipole unit element is used to demonstrate the polarization conversion and phase compensation principle for linearly-polarized incident waves using the Pancharatnam-Berry phase theory. Fig. 1(a) shows two orthogonally-crossed dipoles that are placed along the x-and y-axes respectively. The x-polarized incident EM wave ( E i ), propagating along the z-axis, can be expressed as [19] E i =xE ix e −jkz (1) where E ix and k are the amplitude and the propagation constant, respectively. The reflected wave can be written as
where E rx and φ x are the reflection amplitude and phase, respectively. If the crossed dipole anti-clockwisely rotates an angle θ , as shown in Fig. 1(b) , the relation between the xy coordinate system and the uv coordinate system that is always along the orthogonally-crossed dipoles can be expressed as
Therefore, the incident and reflection waves can be re-written as
Here it can be assumed that the reflection amplitude would not change with the dipole length and the rotation angle θ and is always E rx . However, the reflection phase (φ x and φ y ) will change with the dipole length. If the dimensions of the crossed dipoles in Fig. 1(a) and 1(b) 
Compared (8) with (1), it can be seen that the polarization of the reflection wave has been rotated by 90 • and a compensation phase φ x , which is the reflection phase when the polarization of the incident wave is along x-axis in the case of Fig. 1(a) , is applied to the reflection wave. This result demonstrates that when |φ x − φ y | = 180 • and θ = 45 • , the reflection wave on the crossed-dipole element has a 90 • polarization conversion and a phase change of φ x simultaneously, which are the foundational requirements of folded reflectarray antennas.
III. DESIGN OF A FOLDED REFLECTARRAY ANTENNA A. PRINCIPLE OF FOLDED REFLECTARRAY ANTENNAS
Normal folded reflectarray antennas mainly consist of a linearly-polarized feed, a polarizing grid (sub-reflector) and a reflectarray (main reflector), as shown in Fig. 2 . In FRAs, the reflectarray needs to twist the polarization of the incoming waves by 90 • and provide the phase compensation at the same time. In practical designs [9] - [14] , the compensation phases are applied to one of the field component, not the incident one directly. As shown in Fig. 1(b) , suppose that the polarization of the incident waves is along y-axis, the compensation phases can be applied to the u-or vcomponent. Due to the strong mutual interaction between the fields with the two orthogonal polarizations on the reflectarray elements, such as the rectangular metallic patches [9] and other reflectarray elements applied in [10] - [14] , it is still difficult to provide the 90 • polarization rotation and the continuous compensation phases at the same time. This makes the designs of folded reflectarray difficult and often results in some complicated configurations, as are presented in [11] and [12] . Based on the theory in Section II, a crosseddipole array has a simple structure and is able to easily provide the 90 • polarization conversion and the phase compensation for linearly-polarized incident waves at the same time. Crossed-dipole arrays have been applied to the development of printed reflectarrays [15] and transmitarrays [17] before. In those developments, the dipoles could provide the reflection or transmission phases of more than 300 • , the mutual coupling between two orthogonally arranged dipoles is minor and can be ignored in practical designs, and hence the phase compensations for incident waves with orthogonal polarizations can be designed independently. Therefore, the mutual interaction between the two crossed dipoles can be ignored when a crossed-dipole array is applied to design FRAs. As well as the difference of the reflection phases of the two crossed dipoles is 180 • and the rotation angle θ of the crossed dipoles is 45 • , the 90 • polarization conversion for x-polarized incident wave is able to be always realized no matter what reflection phases of the two crossed dipoles are and the phase compensation can be carried out using the reflection phase (φ x ) of the dipole along x-axis in Fig. 1(a) . The design complexity is reduced due to the ignorance of the mutual interaction between the two field components along u-and v-axes in Fig. 1(b) . The basic cross section of the proposed folded reflectarray antennas is illustrated in Fig. 2 . The sub-reflector (polarizing grid), a feed antenna (a horn or an open-ended waveguide) and a main reflector (polarization converter or reflectarray) are the three main components. It is well known that the polarizing grid surface, also roughly depicted in Fig. 2 , will fully pass through a linearly-polarized incident wave whilst reflect the wave with the crossed polarization. The feed generates a linearly polarized EM wave that will be fully reflected back to the main reflector by the sub-reflector. Then, the main reflector will reflect, twist the polarization by 90 • , and compensate the phase of the wave. Finally, the re-radiated wave will pass through the sub-reflector.
B. STRUCTURE AND CHARACTERIZATION OF THE CROSSED-DIPOLE ELEMENT
The configuration of the proposed crossed-dipole element constructing the main reflector is shown in Fig. 3(a) . It consists of two identical dielectric slabs, a PEC ground and three identical crossed dipoles sandwiched the two slabs. F4B substrate is used in this design, which has a relative permittivity of 2.55 (at 10 GHz), a loss tangent of 0.002 (at 10 GHz) and a thickness of 1 mm (H/2). The periodicity of the element is 5 mm. An air gap, with a height (h) of 1mm, is inserted between the substrate and the ground, to provide a large reflection phase shift range and improve its linearity.
The two crossed dipoles are arranged along the u-and vaxes, which are formed by rotating the x-and y-axes by 45 • , namely θ = 45 • as required in Section II. If the incident wave is x-or y-polarized, the expected reflection wave should be y-or x-polarized.
To characterize the crossed-dipole reflector, Ansys HFSS was employed to simulate the unit element shown in Fig. 3(a) . In the simulation, periodic boundary conditions were applied to the four sides of the element. The incident plane waves polarized along the u-and v-axis are used to characterize the element. The multi-dipole-based reflectarray and transmitarray have been well studied in [15] and [17] respectively. Therefore the characterization of the crossed-dipole element will not be detailed here. In the final result, the widths (w u and w v ) of the two dipoles are the same and set to be 0.6 mm. The lengths (L u and L v ) are varied. The curve of the reflection phase versus the dipole length L (L u or L v ) is plotted in Fig. 3(b) . It can be seen that a reflection phase range of 420 • is obtained at 29 GHz, which is enough to carry out the 90 • polarization conversion and compensate the required phase simultaneously. Fig. 3(b) also shows how the dimensions of orthogonal dipoles can be selected to achieve the required phase shifts for twisting the polarization, namely L u and L v for each element are always selected in such a way that ϕ rv = ϕ ru + 180 • to guarantee the 90 • polarization conversion for x-or y-polarized incident waves. The compensation phase for x-polarized incident waves for each unit element in the main reflector is always ϕ ru , as demonstrated in Section II. Therefore, the L u for the required compensation phase (ϕ ru ) of each reflector element can be obtained through Fig. 3(b) while the corresponding L v can also be obtained using ϕ ru + 180 • from the same figure.
Based on the above characterization, a crossed-dipole element, which has the final dimensions of L u = 2.6 mm, L v = 3.1 mm, and w u = w v = 0.6mm, is used to investigate the polarization conversion. The polarization angle of the incident wave is first set to be 45 • (u-axis) and then 135 • (v-axis). The reflection amplitudes of both polarization cases are displayed in Fig. 4 , which are almost the same and more than 0.95. Fig. 4 also plots the reflection phases of the two cases as well as the difference of them, demonstrating that the phase difference at the frequency range of 27-30 GHz is roughly 180 • (namely ϕ rv − ϕ ru ≈ 180 • ). These perfectly fulfil the requirements of the result in Section II. The reflection coefficients of r yx and r xx , which denote the yand x-polarized reflections under the x-polarized incident wave respectively, are also studied under different incident angles. The simulated r yx and r xx are illustrated in Fig. 5 . It is observed that the 90 • polarization conversion efficiencies for different incident angles within the frequency range of 27-32 GHz are more than 90%.
C. SUBREFLECTOR
The subreflector, also referred as a polarizing grid is one of the three main components of a folded reflectarray antenna. It is a polarization selective surface that is transparent to one linearly-polarized wave whilst fully reflects the crosspolarized one. The subreflector consists of identical metallic strips periodically etched on one side of a flat F4B substrate, which has a thickness of 1 mm, a relative dielectric constant of 2.55 and a loss tangent of 0.002.
The polarizing grid has been well studied before. The operating frequency band and the polarization selective performance are determined by the width of strips and the spacing between each two of them. In the design of this paper, a brief study was conducted and finally the strip width and the separation are selected to be 0.2 mm and 0.8 mm. These strips are parallel to the E plane of the feeding antenna so that the incident wave from the feed is fully reflected. Fig. 6 shows the simulated results, where the reflection amplitude is over -0.8 dB for the paralleled polarized incidence while it is nearly zero for the crossed one.
D. FEED
An open-ended waveguide, centered and embedded in the main reflector, is applied to feed the FRA. Horn antennas, usually served as feeds in general reflectarrays, suffer from bulky configuration and are not easy to integrate with the main reflector. On the contrary, a WR28 waveguide, with the aperture size of 3.556×7.12 mm 2 that is nearly the same as the size of the unit cell of the main reflector, can be directly integrated with the main reflector. A rectangular hole is cut on the main reflector so that the waveguide could feed the antenna. Electric walls are applied to the four sides of the hole, which will minimize the effect of the main reflector on the radiation of the open-ended waveguide.
The relationship between the beam width of the feed and the height of the folded reflectarray antenna can be expressed as:
VOLUME 6, 2018 where F is the height between the subreflector and the main reflector, D is the diameter of the main reflector and α −10dB is the -10 dB beamwidth of the feed. In this case, the total illumination efficiency of the reflectarray aperture is set to be 90% and therefore the -10 dB beamwidth is used in (9) . A decreased illumination efficiency would result in the reduction of the aperture efficiency. Numerical results show that the -10 dB beamwidth of the open-ended waveguide is about 104 • . If the radius of the main reflector is 10-wavelength or 105 mm at 30 GHz, the value of F will be about 41.5 mm.
IV. PROTOTYPE AND MEASURED RESULTS
Based on the theory in Section II and the study in Section III, a folded reflectarray antenna was designed. The design procedures are the same as those when designing normal planar reflectarray antennas [15] , [16] . In the design, the required compensation phase for each reflector element, which is actually φ u , is obtained based on the antenna height F, the position of the feed and the direction of the radiation beam. The length L u for each element can be obtained using the required phase φ u for the element and the curve in Fig. 3(b) while the length L v can be found using the phase φ u +180 • and the same curve. In the final design, the diameter D of the main reflector is 210 mm. The separation (F) between the sub-reflector and the main reflector is 41.5 mm, which is maintained by several nylon
poles. An open-ended WR28 waveguide is used to excite the antenna. After designing the folded reflectarray antenna, simulations and experiments were conducted. The fabricated prototype is shown in Fig. 7(a) . The antenna was measured using a far-field testing system in an anechoic chamber. Fig. 7(b) shows the measurement set-up in the chamber.
For comparison, the simulated and measured reflection coefficients of the FRA as well as the feed only are all plotted in Fig. 8(a) . It can be seen that the measured impedance matching, determined by |S 11 | < −10 dB, is from 26-31 GHz. The measured and simulated gains are shown in Fig. 8(b) . The simulated peak gain is 29.11 dBi while the measured one is 27.34 dBi. The 3-dB gain bandwidth is about 13.2% and the peak aperture efficiency is about 37%. The gain discrepancies between simulations and measurements are mainly due to the dielectric losses and the polarization losses caused by the inherent design, the misalignment during the mounting of the FRA and the measurement set-up. As shown in Fig. 5 , the ideal efficiency of 90 • polarization conversion is about 90%. The substrate slabs used in the main reflector and sub-reflector are both F4B, whose dielectric loss tangent is about 0.002 at 10 GHz. However, the loss tangent at 30 GHz is not given by the substrate manufacturer. Due to limited laboratory facilities, the design tolerance and the misalignment, which results that the angle θ is not exactly 45 • , will be more or less happened during the fabrication and the mounting and lead to the reduction of the efficiency of 90 • polarization conversion. Fig. 9 plots the simulated and measured radiation patterns in the E plane at four sample frequencies. It is found that radiation patterns are almost consistent in the E plane. The sidelobe levels in the E plane at the four frequencies are less than −18.5 dB. The radiation patterns in the H plane have the similar features. The crosspolarization levels in the E plane and H plane are actually controlled by the polarizing grid (sub-reflector) and would be affected by the measurement set-up. The measured results show that they are all below −25 dB. Table 1 compares the performance of the proposed FRA to those reported in literatures. It is shown that the proposed folded reflectarray antenna features a moderate radiation performance at millimeter-wave band using the complexityreduced design method.
V. CONCLUSION
In summary, using the Pancharatnam-Berry phase theory we have first theoretically derived that a crossed-dipole reflectarray is able to provide both 90 • polarization rotation and the phase compensation for linearly-polarized incident waves with a convenient way. Due to the ignorance of the mutual interaction between the two crossed dipoles, the length changes for one dipole will not affect the reflection phase of the other, and hence the reflection phase for the fields along the two dipoles can be obtained independently. This will reduce the design complexity of the FRA. Then a broadband crossed-dipole based reflector is designed and a folded reflectarray antenna was successfully realized. Both simulations and experiments validate the design principle. The antenna has the advantages of planar configuration, low profile and ease of design, fabrication, mounting and integration. It will find its applications in the future microwave and millimeterwave communication systems. His research interests include metamaterials and their applications to microstrip planar transmitarray antennas, reflectarray antennas, and folded reflectarray antennas.
